Respiratory syncytial virus (RSV) is an enveloped, singlestranded, negative-sense RNA virus belonging to the genus Pneumovirus of the family Paramyxoviridae. The envelope of RSV contains three integral membrane glycoproteins : the attachment (G) protein, the fusion (F) protein and the small hydrophobic (SH) protein. The G protein is responsible for virus attachment and has a minor role in virus neutralization (Johnson et al., 1987) . The F protein is the major virusneutralization antigen, which functions to mediate virus-cell or cell-cell membrane fusion (Olmsted et al., 1986) . In comparison, very little is known about the functions of the SH protein. RSV infections are a major cause of respiratory tract disease in humans, cattle, sheep and goats (Stott & Taylor, 1985) . Bovine RSV (BRSV), ovine RSV (ORSV) and human RSV (HRSV) are antigenically and genetically closely related except for antiAuthor for correspondence : Siba K. Samal.
Fax j1 301 935 6079. e-mail SS5!umail.umd.edu genic and sequence differences in the G protein and SH protein (Lerch et al., 1989 ; Mallipeddi et al., 1990 ; Alansari & Potgieter, 1994 a, b) .
The formation of syncytia in tissue culture monolayers is pathognomonic for RSV. The F protein mediates virus penetration and syncytium formation. It is synthesized as a biologically inactive precursor (F ! ), which is then cleaved into the disulfide-linked F " -F # subunits, the biologically active form for fusion, by a cellular trypsin-like protease (Gruber & Levine, 1985) . The exposure of a hydrophobic domain at the amino terminus of the F " subunit appears to be essential in mediating membrane fusion. A number of previous studies have reported that coexpression of both surface glycoproteins for the paramyxoviruses (Cattaneo & Rose, 1993 ; Ebata et al., 1991 ; Heminway et al., 1995 ; Morrison et al., 1991 ; Sakai & Shibuta, 1989 ; Tanabayashi et al., 1992) and coexpression of all three surface glycoproteins for HRSV (Heminway et al., 1994) are required for the induction of syncytia formation. It was also reported that type-specific interaction occurs among surface glycoproteins involved in fusion activity (Heminway et al., 1994 (Heminway et al., , 1995 Hu et al., 1992) . The contribution of individual glycoproteins in cell fusion for BRSV and ORSV has not been studied. Since the G and the SH proteins of BRSV, ORSV and HRSV show a low level of overall identity (30 % to 69 % identity), it will be interesting to study the type-specific requirement for RSV-mediated cell fusion using a combination of heterologous F, G and SH glycoproteins from bovine, ovine and human RSV. Therefore, in this report we have quantitatively shown the fusigenic activities of these glycoproteins by a reporter gene activation assay that is rapid and sensitive compared to analysis of syncytium formation.
BRSV genes (F, G and SH) and ORSV G gene were individually cloned into a plasmid vector under the control of a T7 promoter. Recombinant plasmid vectors carrying the G and SH genes of HRSV were kindly provided by Peter Collins (National Institutes of Health, Bethesda, Md., USA). The ORSV SH gene was obtained by RT-PCR using conditions specified by the manufacturer (Perkin-Elmer). The positivestrand primer corresponding to the nucleotides at the 3h end of the ORSV matrix (M) gene (5h TAC ATT AAA CCA CAA AGT CAA TTT ATA GTA GAT CTT GG 3h ; 652-689), and the negative-strand primer corresponding to the nucleotides at 0001-4628 # 1997 SGM BIIF the 5h end of the ORSV G gene (5h GTG GTT GGA CAT GCT TGT ATT TGC CCC 3h ; 1-27) were synthesized. Virion RNA of ORSV was obtained after TRIzol (Gibco BRL) extraction according to the manufacturer's protocol. The amplified product was directly cloned into the PCR II cloning vector (Invitrogen). The ORSV SH gene was then subcloned into a plasmid vector under the control of a T7 promoter. Since the F protein is highly conserved among RSV strains (82 % to 95 %) (Pastey & Samal, 1993 ; Zamora & Samal, 1992) , and since the ORSV F gene has not been cloned and sequenced and a functional HRSV F gene was not available, BRSV F gene was substituted for HRSV and ORSV F gene in our study.
To determine whether all RSV envelope gene constructs expressed correct-sized proteins, transient expression of the RSV envelope proteins (F, G and SH) in HeLa cells was performed. Briefly, subconfluent monolayers of cells grown in T-75 cm# tissue culture flasks were infected with recombinant vaccinia virus vTF7-3 at a m.o.i. of 10 p.f.u. per cell and incubated at 37 mC for 45 min. The virus inoculum was removed and cells were washed twice with OPTI-MEM (Gibco BRL) and transfected with plasmid DNAs, using LipofectAMINE as described by the manufacturer (Gibco BRL). cDNA encoding a glycoprotein was kept at 2n5 µg, and the total DNA transfected was kept at 7n5 µg. Plasmid vector DNA was added to keep the DNA amount constant where necessary. At 16 h post-transfection, cells were incubated in methionine-free medium for 30 min and labelled with 100 µCi of [$&S]methionine per ml for 2 h. Cells were lysed in radioimmunoprecipitation assay buffer. RSV polypeptides were immunoprecipitated (Kessler, 1975 ) from cell lysates using antiserum against the corresponding RSV. Polypeptides were analysed by SDS-PAGE on 12n5 % acrylamide gels. All the proteins were expressed and had similar sizes when compared to RSV-infected cell proteins. As different antibodies were used, quantification of the expression of viral proteins was not done.
Cell fusion due to vaccinia virus-based expression of BRSV envelope proteins was studied. The cytopathic effect observed following individual expression of G or SH proteins was indistinguishable from that seen in the vTF7-3-infected shamtransfected control cells. However, following coexpression of F, G and SH proteins, there was a comparable level of cell fusion to that seen following BRSV infection (data not shown). Although expression of F protein alone or coexpression of F and G proteins or F and SH proteins induced cell fusion, coexpression of F, G and SH proteins induced extensive cell fusion.
The contribution of individual glycoproteins to cell fusion was also examined using a quantitative assay based on the cytoplasmic activation of reporter gene β-galactosidase (Nussbaum et al., 1994) . Briefly, one population of HeLa cells was infected with recombinant vaccinia virus vTF7-3 and transfected with plasmid DNA encoding the viral glycoproteins as described previously. At 5 h post-transfection, the cells expressing viral envelope proteins were trypsinized, suspended in MEM containing 2n5 % foetal bovine serum to a density of 2i10& cells per ml, and incubated overnight at 32 mC in a near-horizontal position. The cells were washed twice in OPTI-MEM (containing 2n5 mM CaCl # ), suspended to a density of 2i10( cells per ml, and treated with neuraminidase (50 mU\ml) (Boehringer Mannheim) for 1 h at 37 mC. The cells were then washed and suspended in OPTI-MEM at 10' cells per ml. A second population of HeLa cells was infected with wild-type vaccinia virus for 45 min at 37 mC and transfected with plasmid containing the T7 promoter linked to the lacZ gene (pGINT7 β-gal) (kindly provided by Edward A. Berger, National Institutes of Health, Bethesda, Md., USA). At 5 h post-transfection, cells were trypsinized and treated as described. The cells were washed with OPTI-MEM, either treated or not treated with neuraminidase, and finally suspended at 10' cells per ml. The two cell populations were mixed in triplicate by adding 100 µl of each cell population to 96-well tissue culture plates, which were then incubated at 37 mC for 4 h. Cell fusion was measured by the colorimetric lysate assay for β-galactosidase or an in situ assay using 5-bromo-4-chloro-3-indolyl β--galactopyranoside (X-Gal ; Gibco BRL) staining of cells. In the colorimetric lysate assay, 5 µl 20% (v\v) NP40 was added to each well and the contents were mixed by pipetting. β-Galactosidase activity was quantified at ambient temperature in 96-well flat-bottom plates by mixing 50 µl of each lysate with 50 µl 2isubstrate solution [16 mM chlorophenol-red-β--galactopyranoside (CPRG ; Boehringer Mannheim), 0n12 M Na
The rates of substrate hydrolysis at ambient temperature were monitored by measuring A &*! with a spectrophometer. The quantity of β-galactosidase was calculated by comparing the hydrolysis rates for each sample with that obtained for a standard commercial preparation of Escherichia coli β-galactosidase (Boehringer Mannheim) (600 U\mg). β-Galactosidase levels were expressed as nanograms per well in treated samples versus that for an untreated control. For the in situ assay, 20 µl 10ifixative solution (20 % formaldehyde-2 % glutaraldehyde in PBS) was added to each well. The plates were incubated at 4 mC for 5 min. Without disturbing the settled cells, 0n15 ml of medium was gently removed and replaced with 0n15 ml of 37 mC-equilibrated staining solution (5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM magnesium chloride, 1 mg of XGal per ml, freshly diluted from a 40 mg\ml stock solution in dimethyl formamide). The plates were incubated overnight at 37 mC to allow complete staining. Photomicrographs were taken with an inverted phase-contrast microscope.
A very high level of β-galactosidase was produced, and heavily blue-stained syncytia were observed when cells expressing T7 RNA polymerase, BRSV F protein, G and SH proteins of either BRSV, ORSV or HRSV were mixed with cells that contained the lacZ plasmid and were not treated with Cell fusion of bovine RS virus Cell fusion of bovine RS virus neuraminidase (Figs 1 and 2) . Only background levels of β-galactosidase were detected when either the G protein alone or the SH protein alone was expressed. There were reduced amounts of β-galactosidase activity and blue-stained cells when BRSV F protein alone, or BRSV F and G or SH proteins of either BRSV, ORSV or HRSV were coexpressed. However, these activity levels were not reduced when BRSV F and SH proteins were coexpressed (Fig. 2) . This could be due to the heterologous F gene used in this study. It also indicates that there may be a weak interaction between BRSV F protein and ORSV or HRSV SH protein. It is possible that the SH protein, through a protein-protein interaction, triggers a conformational change in the F protein that allows the F protein to function as an effective fusigen. The G protein also might be enhancing cell fusion by interacting with either SH or F protein.
It has been shown that coexpression of RSV envelope proteins with paramyxovirus glycoproteins does not elicit syncytia formation because the genes\proteins of RSV are significantly different from the genes\proteins of paramyxovirus (Heminway et al., 1994) . BRSV G and SH proteins are highly variable compared to the G and SH proteins of ORSV (60 % and 69 % amino acid identity, respectively ; Mallipeddi & Samal, 1993 ; Alansari & Potgieter, 1994 b) and HRSV (30 % and 38 % amino acid identity respectively ; Lerch et al., 1990 ; Samal & Zamora, 1991) . In order to determine whether typespecific interactions are required to elicit cell fusion, a combination of BRSV envelope proteins with ORSV or HRSV envelope proteins was coexpressed (Fig. 3) . Coexpression of BRSV F and SH proteins with ORSV or HRSV G protein resulted in production of significant amounts of β-galactosidase activity and blue-stained cells (data not shown for in situ assay). On the other hand, coexpression of BRSV F and G proteins with ORSV or HRSV SH protein resulted in reduced amounts of β-galactosidase production and blue-stained cells. The extent of β-galactosidase activity produced was, however, at least twofold higher when BRSV F and homologous G and SH proteins were coexpressed, suggesting that there is a G and SH protein interaction. This indicates that substitution of hetero- logous SH protein affects the fusigenic properties of BRSV F protein far more than the effect obtained by substituting the heterologous G protein. It also indicates the importance of homologous SH protein in enhancing the fusion effect on BRSV F protein.
Coexpression of BRSV F, G or SH proteins with either ORSV G or SH protein produced more β-galactosidase activity and blue-stained cells than coexpression of BRSV F, G or SH proteins with either HRSV G or SH protein. These results are not surprising because BRSV and ORSV are antigenically more closely related than HRSV, and the G and the SH proteins of BRSV and ORSV are more conserved than the corresponding proteins of HRSV.
In spite of the differences in the G and SH proteins among BRSV, ORSV and HRSV, there was extensive cell fusion when BRSV F and G or SH proteins were coexpressed with either heterologous ORSV G or SH protein, or with heterologous HRSV G or SH protein. This suggests that the domains on the G and SH proteins of RSV required for the interaction to elicit cell fusion are conserved. It has been shown that the G proteins of RSVs have similar hydropathy profiles, a high content of proline, serine and threonine, and a highly conserved central hydrophobic region (residues 174-188), which is probably involved in protein-protein interaction (Mallipeddi & Samal, 1993 ; Langedijk et al., 1996) . The SH proteins of BRSV and HRSV share similar hydropathy profiles (Samal & Zamora, 1991) and it is possible that similar, conserved structural features important for interaction may be present on SH proteins of RSV. It will be interesting to further define the fusion-promoting domains of the G and the SH proteins important for interaction with the F protein and for promotion of cell fusion for RSV. Further studies are needed to determine the mechanisms of interactions of envelope proteins involved
